Abstract: Livestock concentration areas can be significant point sources of nutrient pollu-
livestock densities, along with urine and feces deposition in these concentration areas, lead to greater concentrations and an uneven distribution of soil nutrients, mainly of nitrogen (N), phosphorus (P), and potassium (K). The accumulation of plant-available nutrients in excess of plant demand can accelerate gaseous, leaching, and surface runoff nutrient losses (Franzluebbers et al. 2000) . Vegetation in these areas can be destroyed by defoliation and trampling, and the compaction of soil reduces water infiltration and increases soil erosion (Greenwood and McKenzie 2001) , which leads to potentially more runoff water with elevated nutrient levels, reducing downstream water quality. Grazing management and habits oflivestock can affect grazing patterns and inclination to congregate (Haynes and Williams 1993) so an understanding of the potential environmental effects of concentration areas is necessary to adequately consider mitigating grazing management practices.
Several studies have documented livestock concentration effects on soil nutrients under controlled conditions or in experimental pastures at a relatively small scale. In two rotationally stocked cool-season grass-legume pastures (0.44 ha [1.1 ac] each) in Iowa, soil P and K concentrations at 7.5 to 15 em (3 to 6 in) depths were greatest within 10 to 20 m (33 to 66 ft) of a water source compared with soil farther away (West et al. 1989) . The location of shade, water, and supplement feeders affected soil nutrient distribution to a 15 em depth more than the method of grazing (continuous versus rotational stocking) of tropical grass pastures (0.3 ha [0.74 ac] each) in Florida (Matthews et al. 1994) . Feces and urine deposited by grazing dairy cows within a single rotationally stocked pasture (0.74 ha [1.8 acJ) of endophyte-free tall fescue (Schedonorus phoenix [Scop.] Holub) were concentrated near the water source (White et al. 2001) . Extractable soil P content to a Many graziers have intensified their grazing management by increasing stocking rates, rotating stock, and providing supplemental feed (Kristensen et al. 2005; Aschmann and Cropper 2007) . However, these intensive management practices affect soil resources through nutrient additions and redistribution as a result of the concentration of livestock.
The size and number oflivestock concentration areas on a farm are determined by interactions among stocking rate and grazing intensity, topography and size of the pasture, locations of water, fences, feed placement, and natural barriers, and the type and distribution ofvegetation (Hunt et al. 2007 ). High tion. Our objective was to determine the spatial distribution of livestock concentration areas in pastures at the farm scale, along with the distribution of soil nutrients at the individual livestock concentration area scale. We georeferenced and measured the size of all livestock concentration areas in cool-season grass-legume pastures on five farms (four grazing dairies and a beef cattle farm) in Maryland, Pennsylvania, and New York during two years. Soil of selected concentration areas on each of the farms was sampled to 0 to 5 and 0 to 15 em (0 to 2 and 0 to 6 in) depths to compare nutrient levels with paired unaffected areas of the pasture. On one farm, we sampled two concentration areas more densely (20 to 25 samples, o to 5 em depth along each of five 100 m [328 ft] transects) to measure spatial distribution of soil nutrients. The transects were arranged radially to encompass variation both up and downslope. We installed runoff plots at three locations on and near the two concentration areas to measure nutrients in surface water runoff from simulated rainfall. On the five farms, concentration areas occurred most frequently at paddock gates (38% of sites).Although fewer in number, concentration areas at feeding sites were often larger than those at gates or other locations and accounted for most (48%) of the area affected by livestock congregation. Most concentration areas were small (median area 100 m? [1,076 fe]), isolated (median distance, 61 m [200 ftJ from a water body), and surrounded by vegetation. Intensive sampling on one farm showed that soil withi~20 to 40 rn (66 to 132 ft) of concentration areas was enriched in phosphorus, which contributed to higher phosphorus concentration in the runoff from simulated rainfall compared with the rest of the pasture. Pastures used as holding and feeding areas with higWy elevated soil nutrients and no surrounding vegetation to filter runoff represented a direct threat to surface water quality. Many concentration areas, however, were surrounded by vegetation, which would mitigate this risk.
Spatial distribution of livestock concentration areas and soil nutrients in pastures
The number and size of livestock concentration areas in pastures are used as important indicators of pasture health in the USDA Natural Resources Conservation Service pasture condition score system (Cosgrove et at. 2001) . Livestock concentration areas can be defined as localized areas ofbare or nearly bare soil caused by livestock trampling around an attractor (e.g., a mineral block, tree; also known as piospheres [Lange 1969]) . These areas where livestock congregate receive a significantly greater daily fecal and urinary load compared with the rest of the pasture (Peterson and Gerrish 1996; White et al. 2001; Tate et al. 2003) . Table 1 Characteristics of the five farms on which the location and size of livestock concentration areas were monitored. Farm locations included two farms in Pennsylvania (PAl and PA2), two farms in New York (NYl and NY2), and one farm in Maryland (MOl). et al. 2006) . Others have examined the spatial distribution of livestock in relation to water and feeding sites at larger scales. In a 3 ha (7.4 ac) watershed study in Alabama, beef cattle congregated and rested in wooded areas and grazed in shaded areas during hot weather (Zuo and Miller-Goodman 2003) . Watering sites, fence placement, and location of barns had the most influence on grazing livestock distribution on at 180 ha (445 ac) pastureland reserve in northern Germany (Putfarken et al. 2008) . Watering and supplemental feeding sites had the greatest daily fecal load from beef cattle grazing on alSO ha (370 ac) pasture in a rangeland watershed of the Sierra Nevada foothills of California (Tate et al. 2003 At the individual concentration area scale, the cumulative load of nutrients and physical effects of livestock are of concern to pasture management. At the whole-f~m scale, however, the number, size, and location of livestock concentration areas may govern their environmental implications. We lack farm-scale information about the occurrence, size, distribution, and nutrient levels of livestock concentration areas on working grazing farms in the varied landscapes of the northeastern United States. The primary objective of our research was to determine the size, distribution, and soil nutrients in livestock concentration areas in pastures at a farm scale. In a second objective, we focused at the scale of individual livestock concentration areas to determine the spatial distribution of soil nutrients with the area and their susceptibility to loss in surface water runoff. [n = 11], a total of39 sites from all farms) were sampled to quantity effects on soil nutrients at 0 to 5 em (0 to 2 in) and 0 to 15 em (0 to 6 in) depths. We chose the 0 to 5 em depth because soil nutrients in pastures are concentrated in the surface soil (Franzluebbers et al. 2002) , and we chose the 0 to 15 em depth because this is a traditional sampling zone and is the sampling depth used in the pasture P index proposed by DeLaune et al. (2004) .To give a relative indication ofnutrient accumulation in the concentration area, we sampled in the same pasture at 50 m (164 ft) or more away in an area that was similar in landscape position and had dense vegetation and little evidence of livestock trampling (unaffected area). The paired unaffected area was not georeferenced. Ten to fifteen soil cores (depending on the dimension of the cone entration area) were taken in a zig-zag pattern at 0 to 15 cm inside the livestock concentration area and the unaffected area. For the 0 to 5 cm depth, we collected three soil cores within a 10 cm (4 in) radius of each 0 to 15 cm sample point (a total of30 to 45 cores at 0 to 5 cm).The individual cores were combined into one sample per depth for each livestock concentration area and paired unaffected area. The soil samples were air-dried, sieved to pass a 2 m11'1 (0.08 in) screen, and analyzed at the Penn State Agriculture Analytical Laboratory for organic matter (0 to 15 ern samples only), pH, P,K, magnesium (Mg) , and calcium (Ca). Soil pH was determined using a 1:1 soil:water ratio (Eckert and Sims 1995) . Phosphorus, K, Mg, and Ca analyses were determined using the Mehlich-3 method and an inductively coupled plasma spectrophotometer (Wolf and Beegle 1995). Organic matter content was determined' by loss on ignition (360°C [680°FJ) (Schulte 1995) .
Materials and Methods
The soil nutrient data from the 39 paired sampling sites were examined to check the assumptions for normality (via PROC UNIVARIATE and the Shapiro-Wilk statistic in SAS 2003). Data were square-root transformed to stabilize the variance. A linear mixed-models procedure (Littell et al. 1996) was used to analyze the data. The model included sampling sites (39 paired sites) and site type (concentration area versus unaffected area). Sampling sites vyere considered random, and site type was considered a fixed effect.
Soil Nutrient Gradients at Selected Livestock Concentration Areas. Two pastures on different landscape positions with different types and sizes of concentration areas were sampled in May 2008 on farm PA2. Both pastures were part of a multipasture rotational stocking system and had been grazed for 24 to 48 hours with approximately 100 head of Holstein milking cows within the previous week before sampling. Pasture 1 was 4 ha (10 ac), and the soil was a Hartleton channery silt loam (Loamy-skeletal, mixed, active, mesic Typic Hapludults). The dominant vegetation was perennial ryegrass (Lolium perenne L.) in a mixture with red and white clover (Trifolium pratense L. and T repel1S L., respectively). The The size of the denuded (bare) area at each site was determined by measuring the distance from the radii origin to the first occurrence of vegetation on each radius. At each of the sampling points on the radii for the two concentration areas, five 1.5 em (0.6 in) diameter soil cores to a 5 cm (2 in) depth immediately adjacent to each other were collected and composited. Soil samples were air dried and sieved to pass a 2 mm (0.08 in) screen. All soil samples were analyzed for water-extractable phosphorus (WEP) , P, K, and pH. Water-extractable P was measured by shaking 2.0 g (0.07 oz) of soil in 20 mL (0.68 oz) of distilled water for one hour, filtering the supernatant through a Whatman No.1 filter paper, and determining P calorimetrically. Soil pH, P,and K were determined as already described.
We used ordinary kriging to describe the two-dimensional pattern of soil P and WEP levels within the livestock concentration areas in each pasture (Schabenberger and Pierce 2002). The geospatial analyst package in ArcGIS was used to generate the kriged maps (ESRI 2007) .
Runoffat Selected Livestock Concentration Areas. Runoff plots for simulated rain application were placed at three locations in each of the two concentration areas, sampled for soil nutrient distribution at farm PA2 (figure 1),The runoffplots were placed in the heavily affected and denuded part ofthe concentration area, at the transition from bare soil to vegetation, and in a densely vegetated area with few or no obvious signs of animal trampling.At each of the six runoffsites, two plots (0.75 by 2 m [2.5 by 6.6 ftJ) were isolated by steel frames driven 5 cm (2 in) into the soil and extending 5 cm above the soil. Surface overland flow was collected in a gutter at the down slope edge of the plot. A portable rainfall simulator was used to generate runoff (Srinivasan et al. 2007) . The simulator has nozzles (TeeJet Yz HH SS 30 WSQ nozzles, Spraying Systems Co., Wheaton, illinois) at 3 m (10 ft) above the soil surface and was operated at a nozzle pressure of 39 kPa (56 psi) and 6.8 L min"' (1.5 gal min") of water. The duration ofthe rain simulation was controlled by the amount of time necessary to generate 30 minutes of runoff, with maximum event duration of 60 minutes if no runoff occurred. Before and after simulated rainfall, soil moisture was measured with a JOURNAL OFSOIL AND WATER CONSERVATION capacitance sensor (Theta Probe, Dynamax, Houston, Texas) to a depth of 15 em (6 in) at four points within the plot. Total simulated rainfall was measured with four gauges in each plot. Runoff volume was measured with a digital scale every 5 minutes, and the total amount ofrunoff water was determined after 30 minutes. Runoff collected over the 30-minute runoff period was thoroughly stirred, and a composite sample was taken from each plot for chemical analysis. Twelve runoff water samples and two water-source samples were collected. Runoff samples were stored at 4°C (39°F) and were analyzed within two weeks. The runoff samples were filtered through 0.45 urn (0.000018 in) filter paper and then were analyzed for totalP dissolved reactive phosphorus (DRP), and pH, using the same methods as explained above. Sample means of data from the two runoff plots are presented along with a pooled standard error of data from all runoff plots from both pastures.
Results and Discussion
Location of Livestock Concentration Areas on Farms. The total number and size of livestock concentration areas on the five farms varied greatly among seasons and years (figure 2). Farms PAl, PA2, and NYl had nearly 1 to 1.2 ha (2.5 to 3 ac) of concentration areas in April of 2005 mainly in two large holding and feeding areas on each farm. On PAl, one pasture used for winter feeding of cattle accounted for 70% of the affected area in April of each year. Totaled across farms and years, concentration areas occurred most frequently at paddock gates (38% of occurrences); however, feeding sites (mineral and hay feeders, sacrifice feeding pastures) accounted for the most pasture area affected (48% of affected area), An exception was farm MD1, which did not have any visible concentration areas around feeders but had many concentration areas at gates and trees. In aggregate, the size of concentration areas decreased from spring to autumn. However, this varied with the type of concentration area (data not shown). Large decreases in size occurred for feeding sites, whereas areas near trees peaked in summer probably because cattle sought shade in hot weather (White et al. 2001; Zuo and MillerGoodman 2003) .
Averaged across the 39 sites, soil nutrients were higher jn the livestock concentration areas than the rest of the pasture (table 2) . However, there was considerable variation in soil nutrients among sites. To illustrate this, we plotted the values of soil P for concentration areas against the values for the corresponding unaffected areas of the pasture in figure 3. Soil P levels exceeded 400 mg kg-J at some feeding sites and gates (figure 3). The feeding site with the highest soil P was a pasture used for feeding and wintering beef cows at farm PAL Soil P also was relatively high in the rest of this pasture, which along with a nearly direct hydrologic connection to an ephemeral waterway, indicates that this site was a high risk for P runoff to surface waters. The site with the second highest levels was a small (242 m" [2,604 feJ) hydrologically isolated (110m [361 ft] from the nearest water body) area used for a mineral feeder on fann PAl. The extremely high levels in this area could have resulted from spillage of mineral and other supplement from the feeder (Sigua and Coleman 2006). Soil P differed by 200 to 400 mg kg-J between the individual livestock concentration area and the unaffected area for three of the feeding sites. At most feeding and watering sites, however, soil P differed slightly (values on or near the 1:1 line in figure 3 ) between the livestock concentration area and the rest of the pasture. Some concentration areas may have had significant erosion of topsoil that would have exposed subsoil of lower fertility, which might account for smaller differences than expected between concentration and unaffected areas. Soil P generally was higher in the concentration areas at gates and trees than in the rest of the pasture. Several studies on experimental pastures indicate that soil nutrient concentrations are highest near permanent shades, waterers, and feeders (West et al. 1989; Schomberg et al. 2000; Franzluebbers et al. 2002) . Our data, however, show that this does not always hold true on farms. Other factors, such as soil erosion, landscape position, or pasture management can alter this relationship. For example, waterers and hay feeders often were not permanent on the farms we sampled, but rather were moved among different pastures or areas in pastures depending on livestock location. This could have limited livestock concentration effects.
Soil K showed similar patterns -as soil P, but differences between the livestock concentration area and the rest of the pasture often were greater for K than P ( would increase vananon in soil nutrients around the farm and would require farmers to be more precise in soil sampling and fertilizer application. The bare soil in these concentration areas would be susceptible to erosion and also would allow weed invasion. Severe disturbance by cattle trampling of wet soils of temperate pastures in Illinois resulted in greater weed abundance on the trampled sites along with an augmented seed bank enriched in weed seeds (Renne and Tracy 2007) .
About 43% of the livestock concentration areas were within 46 m (150 ft) of a water course, which could pose a threat of rapid nutrient transport to water ways (Penn State Cooperative Extension Service 2007). The type of livestock concentration area, soil, and the location on the landscape should be considered in relation to the effect of grazing animals on the distribution of soil nutrients and potential effects on nearby streams or water bodies.
Some soil effects at gates and waterers are inevitable with grazing animals, but our farm-scale data on the size and distribution of concentration areas suggest that these effects can be minimized with attention and management. The traditional advice of moving waterers and feeders to limit livestock concentration areasseems appropriate (Aschmann and Cropper 2007) . Pastures used for wintering cattle sometimes revegetate naturally, which can reduce surface runoff during the grazing season (Owens and Shipitalo 2009 ). The PAl farm maintained a winter feeding pasture that was often nearly all bare soil in the spring, had soil P levels >400 mg kg', and a direct connection to a stream. Thus, even though vegetation partly recovered on this site, the practice of overwintering created a nutrient runoff hazard because of the severe soil disturbance and connectivity to a stream (i.e., landscape position) .
Soil Nutrient Gradients and Runoff at Selected Livestock Concentration Areas. Soil P decreased with distance from the concentration area at the intensively sampled sites on farm PA2 (figure 4). At Pasture 1, the area with the greatest soil P concentrations extended about 40 m (131 ft) outward from the gate and water location. Soil P in this zone ranged from 50 to 550 mg kg-1 (table  3) , whereas soil P at greater distances was 100 mg kg-lor less. At Pasture 2, the area with the greatest soil P extended about 20 m (66 ft) outward from the center of the feeding area. Soil P ranged from 28 to 239 mg 
.. probably were associated with the tendency for cattle to urinate frequently when lounging around feeders and trees or waiting at paddock gates. Ruminants excrete mainly K in urine. Luxury uptake by plants, exchange reactions with clay minerals, and leaching are possible sinks for excessive K (Kayser and Isselstein 2005) . High levels of K in herbage, however, may cause hypomagnesaemia Unaffected area soil P (mg kg-i) Unaffected area soil P (mg kg-i)
kg-1 in this zone, whereas soil P at the most distant points was generally < 100 mg kg".
These results were consistent with previous studies of nutrient accumulations at concentration areas (West et al, 1989; Wilkinson et al. 1989; Mathews et al. 1994 : Schomberg et al. 2000 . The mean soil P of the concentration area at Pasture 1 (210 mg kg') was twice that observed for the concentration area at Pasture 2 (105 mg kg") (table 3), and both exceeded the maximum soil P (45 mg kg") that corresponds with the minimum P fertilizer recommendation for established pastures (Agricultural Analytical Services Laboratory Table 3 Soil phosphorus (P), potassium (K),and water extractable phosphorus (WEP) levels at 0 to 5 cm for two livestock concentration areas in pastures on farm PA2. showed somewhat similar spatial patterns as was observed for soil P (figure 5). The greatest concentrations ofWEP were in the same general zones as extractable soil P.Phosphorus loss in surface runoff occurs as dissolved P and particulate P. Dissolved P in runoff is a result of P desorption and is a consequence ofrain water interaction with the surface soil, whereas particulate P is predominantly associated with sediment transport. Agronomic soil P tests were not developed to be used as indicators for environmental risks; however, they have been correlated with other indicators of environmental risks such as WEP. At each concentration area, the zone enriched in soil nutrients was much larger than the observed area of bare soil (figures 4 and 5). For example, at Pasture 1, there was a large area with soil P of300 to 400 mg kg! that did not correspond with the mapped area of bare soil. At Pasture 2, there was a closer correspondence of the observed bare soil area and higher soil nutrients; however, the enriched zone extended beyond the bare soil. The size of livestock concentration areas on the five farms measured in 2005 and 2006 (figure 2) was based on visual observation of livestock trampling. The soil nutrient distribution data from the intensive sampling indicates that the zone of influence from livestock concentration is much larger than estimated visually; hence the size oflivestock concentration areas on the five farms was likely underestimated.
Rainfall simulations were used to evaluate surface runoff and P losses associated with runoff for the livestock concentration area, the transition zone, and the densely vegetated area. The total amount of simulated rainfall applied to plots at Pasture 1 varied between 21.4 mm (0.84 in) for the concentration area and transition zone to 41.1 mm (1.61 in) for the vegetated area. Runoff from the concentration area was 3.9 mm (0.15 in), 2.7 mm (0.11 in) from the transition zone, and 1.2 mm (0.05 in) from the vegetated area. The concentration oftotal P in the runoff water decreased from 2.9 to 0.8 mg L-! Figure 5 Contour plots of ordinary kriging predictions of water extractable soil P (concentration in mg kg-') in the surface 5 cm of soil in livestock concentration areas at farm PA2: (a) pasture 1 and (b) pasture 2. The stippled area marks the bare ground of the livestock concentration area.
ous research on the same soil type (Kleinman et al. 2004 ). In the transition zone, soil P was 130 mg kg-1 , and this corresponded with runoff DRP of 0.4 mg L-1 , which was still above the response observed previously for the Hartleton soil. In the dense vegetation, however, DRP in the runoff was 0.1 mg L-1 where soil P was 96 mg kg-1 , indicating that DRP in the runoff from the vegetated area at Pasture 1 was less than the relationship observed previously for this soil (Kleinman et al. 2004) . At Pasture 2, DRP in the runoff was greater than might be expected with DRP of 0.9, 0.9, and 0.3 mg L-1 corresponding to soil P of 213, 130, and 96 mg kg-1 for the livestock concentration area, transition zone, and vegetated area, respectively. However, the rainfall simulation in the vegetated part of the pasture produced runoff in only one of two plots, indicating that there is more infiltration in the vegetated area of the pasture and so a lower risk of runoff.
Pasture Management to Reduce Livestock Concentration Areas. The use of movable shades and watering sources along with rotational stocking and hay removal are recommendations to reduce the size and severity of livestock concentration areas in pastures (Peterson et al. 2007) . Our data on the number and location of concentration areas, however, indicate that managing feeding areas and sacrifice pastures may be more important. Even with rotational stocking, the five farms studied had many concentration areas distributed around the landscape. Simply moving shades, feeders, and waterers may reduce the extremes in soil nutrient buildup at these areas, but it will probably increase spatial variation in soil nutrients. On the other hand, moving shade and watering sources to sites not susceptible to leaching and runoff may minimize nutrient losses.
Runoffwater amount and P concentration in the runoff water were generally greater in the concentration areas and transition zones than in the densely vegetated areas in the pastures studied on farm PA2 (figure 6). The livestock concentration areas were surrounded by the vegetated area of the greater pasture, which had very low runoff and low P concentrations when there was runoff. As long as livestock concentration areas are managed to prevent direct runoff to surface waters, the potential environmental risk associated with these high soil P sites that are unvegetated should remained unrealized. 1 ) (figure 6). The relationship between DRP in the runoff and soil P has been used to illustrate the environmental risks of high soil P levels. In the livestock concentration area of Pasture 1, soil P was 213 mg kg-1 where the rainfall simulation was conducted. The DRP in the runoff was 1.1 mg L-1 , which was greater than would be expected from previ- from the concentration area to the vegetated part of the pasture (figure 6). Similarly, DRP in the runoff decreased from 1.1 mg L-1 for the concentration area to 0.1 mg L-1 for the vegetated area.
The runoff water volume and P concentrations in the runoff water at Pasture 1 consistently decreased in moving from the concentration area to the vegetated part of the pasture, whereas the results at-Pasture 2 were more similar between the concentration area and transition zone (figure 6). At Pasture 2, total simulated rainfall applied was the greatest for the concentration area (34.5 mm [1.36 in]) and was less for the vegetated area (26.3 mm [1.04 in]) and transition zone (21.4 mm [0.84 in] ). The corresponding runoff from these three areas was 2.9,2.6, and 3.4 mm (0.11,0.10,0.13 Figure 6 (a) Runoff volume, (b) concentrations of total P and (c) dissolved re.active P, and (d) total amount of P in runoff water from simulated rainfall applied to three landscape positions (bare ground, transition from bare ground to vegetation, and fully vegetated area) of two livestock concentration areas on farm PA2. 
Summary and Conclusions
Livestock concentration areas in pastures can be important point sources of nutrient pollution and focal points of soil and vegetation degradation. Our research demonstrated that feeding areas (e.g., concentrate, hay, mineral feeders) accounted for the largest amount of pasture area affected by livestock concentration on five farms that were monitored for two years. Farmers should focus management on these sites to reduce potential nutrient loss. Livestock concentration areas often had greater accumulation of soil nutrients compared with less disturbed parts of the pasture; however, important exceptions occurred. Sites with significant signs of erosion sometimes had lower soil nutrient concentrations than less disturbed pasture areas. The soil nutrient distribution data from the intensive sampling indicated that the zone of influence from livestock concentration is likely to be underestimated visually. Most livestock concentration areas were small, isolated, and often surrounded by vegetation. If these concentration areas are not directly connected to a stream (e.g., channel flow), the surrounding vegetation should behave as a buffer and filter surface water runoff. Proliferation of these areas, however, would increase spatial variation in soil nutrients, provide sites for weed invasion, and encourage soil erosion.
